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ABSTRACT OF THESIS 
 
STUDIES RELATING PQQ BIOSYNTHESIS TO PUTATIVE 
PEPTIDASES AND OPERON STRUCTURE IN 
PSEUDOMONAS SPECIES 
 
 
Several bacteria isolated from the broccoli rhizosphere were assayed to compare their ability 
to solubilize phosphate and release pyrroloquinoline quinone (PQQ) into the surrounding 
media.  Subsequently, their genomes were sequenced and analyzed for PQQ biosynthesis 
operon structure.  PQQ biosynthesis genes pqqA-F were found in all isolates.  The order of 
PQQ biosynthesis genes and predicted amino acid sequences were compared to each other 
and the host’s ability to solubilize phosphate and release PQQ.  In all Pseudomonas species, 
two putative protease genes, pqqF, and pqqG, flanked the canonical pqqA-pqqE biosynthesis 
operon.  No mechanistic studies have confirmed the function of pqqF and pqqG. 
 
Pseudomonas putida KT2440 is a versatile model organism, representing environmental, 
agronomical, and industrial interests.  Like the broccoli isolates, P. putida KT2440 
biosynthesizes and releases PQQ into its surroundings.  To better understand their functions 
within PQQ synthesis in P. putida KT2440, ∆pqqF, ∆pqqG, and ∆pqqF/∆pqqG strains of P. 
putida KT2440 were generated and the resulting phenotypes were studied. 
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Chapter 1 - Introduction 
Phosphorus, in the form of phosphate, is present in all living organisms.  It is 
involved in cellular signaling, nucleic acid synthesis, and membrane stability, among 
other integral functions. It exists in multiple oxidation states on Earth (+5, +3, +1, and 
−3), though the most oxidized state (phosphate) is most commonly found in 
biomolecules (White & Metcalf, 2007) Phosphate is considered one of the most 
common limiting nutrients for plants, bacteria, and algae  (Tessier & Raynal, 2003).  
Thus, phosphorus is intimately tied with most of the world’s primary production.  
After phosphorous is applied as fertilizer, it can be rendered unusable to plants 
by abiotic and biotic processes.  Phosphate salts such as calcium, iron and aluminum 
phosphate are sparingly soluble in solution, and appear to form spontaneously with soil 
minerals (Fox & Kamprath, 1970). This type of phosphorus is considered insoluble, and 
can’t be utilized by plants or other organisms unless it is converted back to free 
phosphate. Organic acids are an effective mechanism to free insoluble phosphate; they 
bind to iron, calcium, or aluminum and reduce phosphate sorption (Earl, Syers, & 
McLaughlin, 1979). Soil mineralogy affects the extent to which inorganic phosphate is 
released and bound corresponding to pH (Lindsay & Moreno, 1960).  When phosphorus 
is covalently bound to a biomolecule such as DNA, it is considered organic carbon.  
Phosphate in organic molecules may also be released via pH-dependent extracellular 
phosphatases (Robinson et al., 2012). From an agronomist’s perspective, phosphate 
deficiency can decrease yield. (Smith & Schindler, 2009).  
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Runoff from soils enriched in phosphate fertilizer can directly enter groundwater 
or interact with inorganic nitrogen, iron, and other compounds, to release nutrients into 
nearby water bodies connected by groundwater (Smolders et. al, 2010).  This enables 
cultural eutrophication, which is marked by excessive plant, algal or bacterial growth 
resulting from an anthropogenic nutrient source. An algal bloom can occur when algae 
specifically grows at an accelerated pace due to an influx of nutrients.  When primary 
producers die, the abundance of organic material means heterotrophs eventually 
deplete dissolved oxygen, causing hypoxia and a decrease in fish or other animal 
survival (Jeppesen et al., 2016).  Fish and crabs avoid hypoxic regions of freshwater 
habitats, (Eby & Crowder, 2002) which can shift biodiversity and limit habitat space.  
Besides limiting oxygen, marine algal blooms can release chemicals such as domoic acid, 
harmful to humans and wildlife (Berdalet et al., 2016).   
Environmental concerns, and the cost of extra phosphorus fertilizer make 
phosphate application optimization a practical research topic (Niyuhire et al., 2017) 
(Osborne , 2015) (King et al., 2015).  Association with fungi, pH of soil, type of mineral 
fertilizer used, past land use, and rainfall all contribute to how much residual phosphate 
is left and how much farmers are recommended to apply (Fraser et al., 2017) (Tawaraya 
et al., 2012) (King et al., 2015).  When phosphate is present with recalcitrant organic 
carbon in no-till management, it can promote microbial biomass of topsoil while 
maintaining phosphorus from leaching (Buchanan & King, 1993).   
Plants exhibit a variety of responses when grown in a phosphate-deficient 
environment.  Low-phosphate stress can cause changes in root architecture, shortening 
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the primary root length and increasing the proximity of lateral roots to the meristematic 
zone in Aradopsis thaliana (Péret et al., 2014).  Many plants release phosphatases 
(Goldstein et al., 1988) (Robinson et al., 2012), which cleave bonds between multiple 
phosphate groups in biomolecules, as well as organic acids, which can chelate inorganic 
phosphate from minerals. Plants also utilize proteins such as phosphate transporters, 
which helps transport free phosphate  into the plant cell (Sun et. al, 2012), and necrosis 
proteins, which help recycle unnecessary plant parts to scavenge phosphate (Yildirim et 
al., 2011).   
Scientists have genetically engineered plants to release bacterial-derived 
phytase, which breaks bonds between phosphorus and carbon in phytic acid.  These 
plants were found to be effective to scavenge phosphate from soil. (Belgaroui et al., 
2016).  Transgenic cotton expressing fungal-derived phytase grew better in phosphate-
limiting conditions (Liu et al., 2011) than wild type cotton.  In other instances, transgenic 
approaches to increase the release of organic acids from plant roots has rendered 
inconclusive mechanisms of scavenging more phosphate or increasing growth when 
compared to wild type plants  (Delhaize et al., 2001).  Inconsistent oberservations of 
plant growth stimulation have led some scientists to point to microbial mineralization in 
the rhizosphere as a key process to consider(Jones, 1998).  Recently published work 
shows that plants can directly modify root microbiota when presented with phosphate 
limitation by expressing a master transcriptional regulator which lowers plant immune 
responses, allowing different soil microbes to colonize the root microbiome (Castrillo et 
al., 2017). 
  
4 
 
Soil-borne bacteria also exhibit a wide variety of responses to phosphate 
limitation.  Bacteria isolated from alkaline soil can upregulate pyrroloquinoline (PQQ)-
dependent glucose dehydrogenase (PQQ-GDH), which produces gluconic acid 
(gluconate), an effective chelating agent (Gyaneshwar et al., 1999).  Bacteria also utilize 
DNA as a primary phosphate source (Tapia-Torres et al., 2016) when inorganic 
phosphate is scarce.  Semi-arid soils (pH 6.6) (Beauregard et al., 2010) or humic gleysol 
with varying pH (Tan et al., 2013) have shown a correlation between bacterial 
community structure and total phosphate levels.  Archaeal groups have also been 
correlated with total phosphate levels in soil (Ragot et al., 2016), which supports 
previous observations of archaea being dominant competitors for inorganic phosphorus 
in some soils, such as urid-ferresols (pH 3.8-6) amended with inorganic phosphorous (He 
et al., 2007). Because it has also been shown that phosphate-scavenging responses and 
physiology vary by genus of bacteria (Huang, et al., 1998), different communities likely 
have responses unique to soil management history, soil type, and plant pairing.   
Among other activities, plant growth promoting rhizobacteria (PGPR) found in 
the rhizosphere are thought to solubilize phosphate and promote plant growth by 
enabling phosphate uptake by plant roots, as well as increased phosphate turnover.  
Plants supply labile carbon through root exudation of sugars and other organic 
compounds (Deubel et al., 2000) and through shedding of dead root cells (sloughing) 
(Dennis et al. 2010).  PGPR metabolize some of this labile carbon source, and in turn 
secrete certain organic acids, which efficiently chelate insoluble phosphate minerals 
(Vyas & Gulati, 2009).  Gluconate, citrate, malate, and 2-ketogluconate have all been 
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found to be released by PGPR isolated from soils (Vyas & Gulati, 2009) (Goldstein, et al., 
1999).  In alkaline soils, calcium phosphate is the most stable phosphate salt, so bacteria 
able to solubilize calcium phosphate are likely to be drivers of phosphate availability.  
Since gluconate is highly effective at solubilizing the phosphate in these minerals (Lin et 
al., 2006), phosphate solubilization by bacterial gluconate production is a likely driver 
for microbial mineralization and plant growth in these soils. 
An increase in biomass and nutrition (minerals or protein) of plant tissue are 
usually considered when analyzing plant growth promotion.  Inoculation with PGPR can 
increase biomass in Oryza sativa (rice) (Estrada et al., 2013) , Cicer arietinum (chickpeas) 
(Kumar et al., 2016), Zea mays (corn)(Sharma et al., 2013), and Phaseolus vulgaris (green 
beans) (Collavino et al., 2010).  Though higher levels of phosphate can be found in 
vegetative rice plant tissue when plants were inoculated with phosphate solubilizing 
bacteria, the same plants’ phosphate levels were not distinguishable from non-
inoculated plants at maturity (Estrada et al., 2013). In green beans, higher levels of 
nitrogen or phosphate were found in leaves at maturity, depending on the type of 
inoculant used (Collavino et al., 2010).When viewed in the context of helpful bacteria, 
plant growth promotion is difficult to confine to a single mechanistic cause, or a single 
resulting benefit to the plant.  For example, bacteria found to be the most effective at 
preventing drought effects when inoculated with a plant not only increased phosphate 
turnover, but were found to increase ACC deaminase, urease, and protease activities in 
inoculated soil (Kumar et al., 2016).  In another study, inoculation with the 
exopolysaccharide-producing Pseudomonas putida strain GAP-P45 alleviated drought 
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stress in sunflowers (Sandhya et al., 2009).  The exopolysaccharides likely helped retain 
water and nutrients in the sandy (71% sand) soil from where the sunflowers were 
grown.  In addition to solubilizing phosphate, P. putida strain GAP-P45 also releases 
siderophores, indole-3-acetic acid, and gibberellins under drought conditions (Sandhya 
et al., 2009).  
By acting as a cofactor to glucose dehydrogenase, the molecule pyrroloquinoline 
quinone (PQQ) (Figure 1.1) is involved in phosphate solubilization.  Glucose 
dehydrogenase has been described in most Gram-negative bacteria as a membrane-
bound enzyme, capable of converting glucose into the organic acid gluconate.  When 
gluconate is released by soil microbes, it chelates calcium and other metals (Fischer & 
Bipp, 2002) bound to phosphorus (Lin, et al., 2006).  Gluconate has been shown to 
release soluble phosphate from hydroxyaptatite, a common soil mineral (Kim et al., 
1997), as well as tricalcium phosphate, an intermediate in soil mineral formation (Lin et 
al., 2006).  
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Figure 1. 1 – PQQ Structure 
 
 
PQQ also acts as a cofactor to other dehydrogenases including alcohol and sugar 
dehydrogenases (Duineet al., 1986) .  Methanol dehydrogenase catalyzes methanol 
conversion to formaldehyde, a reaction utilized by methylotrophic bacteria 
(Chistoserdova, 2011).  PQQ-dependent methanol dehydrogenases are widespread on 
land and in the sea (Kalyuzhnaya, et al., 2008) (Taubert et al., 2015).  PQQ-dependent 
ethanol dehydrogenase is an essential protein for acetic acid fermentation in acetic acid 
bacteria (Yakushi & Matsushita, 2010).  PQQ is also essential for the activity of a 
polyvinyl oxidase (Matsumura et al., 1999).  Other bacteria and archaea have evolved 
separate, PQQ- independent enzymes for methane metabolism (Chistoserdova, 2011) 
(Whitaker, et al., , 2015), as well as polyvinyl alcohol oxidation (Yamatsu et al., 2006) 
(Matsumura et al., 1999).   The widespread variety of PQQ-dependent enzymes in 
  
8 
 
prokaryotic life has led some to conclude that PQQ was probably present in early life 
(Oubrie, 2003).  Interestingly, PQQ injected directly into soil caused an increase in plant 
growth of cucumbers, but the mechanisms remain unclear (Choi et al., 2008).   
PQQ release may be linked to secondary metabolite or antibiotic production.  
Insertional mutations in PQQ biosynthesis genes (e.g. pqqF) have been linked to 
overexpression of pyoverdine and prodigiosin in Pseudomonas flourescens. (Schnider et 
al., 1995).  Conversely, insertional mutagenesis of pqqA and pqqB, two other PQQ 
biosynthesis genes, abolished antifungal activity of Enterobacter intermedium against 
Erwinia carotovora.  (Han et al., 2008).  The same mutagenesis of pqqA and pqqB in 
Rahnella aquatilis HX2 also inactivated the ability of this bacterium to suppress 
pathogenic Agrobacterium vitis strain K30 (Li et al., 2014).   The mechanism of the 
antifungal activity was not elucidated in either study but could have resulted from a 
lower pH, or reduction of fungal metal-scavenging ability via gluconate.  PQQ has been 
shown to act as an antioxidant when mixed with mitochondria, but this function of PQQ 
will not be further discussed in this work. 
While the conversion of glucose to gluconate, and its eventual release is an 
important step in inorganic phosphate solubilization, many “superior” mineral 
phosphate solubilizing bacteria further oxidize gluconate to 2-keto-gluconate (2-KG) via 
gluconic dehydrogenase (Goldstein, 2007).  The overall pathway of direct oxidation in 
the periplasmic space of Gram negative bacteria is referred to as non-phosphorylating 
oxidation, or the peripheral pathway of glucose oxidation.  This peripheral pathway 
differs from the three main metabolic pathways used to digest glucose by bacteria – 
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Entner Doudoroff (ED), glycolysis, and pentose phosphate, although it shares some 
common intermediates and pathways with archaeal direct oxidation pathways (Siebers 
& Schönheit, 2005).   In bacteria with direct oxidation pathways, glucose or gluconate 
are oxidized in the periplasm, and the products are thought to be capable of being 
transported into the cytoplasm for metabolic purposes, or secreted to the environment. 
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Figure 1. 2 – Glucose Metabolism and Transport in Pseudomonas putida KT2440 
 
Green arrows = transport 
Blue arrows = enzyme 
2-KG = 2-keto gluconate 
PQQ-GDH= PQQ-dependent glucose dehydrogenase, Gluconate DH = Gluconate dehydrogenase, Glk = 
Glucokinase, GnuK = Gluconate kinase, KguK = 2-Ketogluconate kinase, Zwf -1,2,3 = Glucose 6-P 1-
dehydrogenase, Edd = 6-Phospho gluconate dehydratase 
Abbreviations adapted from Nikel, 2015.   
 
Gluconate metabolism may impart advantages to Pseudomonas bacteria. P. 
putida KT2440 has adapted to utilize the ED metabolic pathway, and not the EMP 
pathway used by other bacteria and higher organisms.  Proteomic and genomic analysis 
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suggests the ED pathway requires less protein input, making it a more efficient route to 
pyruvate (Flamholz, et. al, 2013).  This trade off comes at a price, as one less ATP per 
molecule of glucose is produced. When metabolizing glucose, P. putida KT2440 releases 
some of it to the environment as gluconate (Sasnow, et al., 2013).  This lifestyle 
potentially loses valuable glucose to be used for growth or energy, but increases the 
ability to chelate metals. Because pseudomonads such as P. putida KT2440 may prefer 
to channel glucose through Edd (Figure 1.2; Nikel et al., 2015) gluconate directly 
imported will be digested more quickly and efficiently than competing organisms 
utilizing the canonical Embden–Meyerhoff–Parnass (EMP) pathways, which do not 
directly utilize the gluconate or 2-KG.  Perhaps PQQ acts a signaling molecule to regulate 
ED pathways in the rhizosphere, creating a unique community-wide response to 
metabolize glucose when environmental PQQ is sensed.   
 Given the breadth of ED pathways found in bacteria (Flamholz, et. al, 2013), it’s 
likely that some have tuned their metabolisms to utilizing the ED pathway in situ.  P. 
putida KT2440 mutants grown with a knocked-in 6-phosphofructokinase (P. putida 
KT2440 wild type lacks 6- phosphofructokinase, which completes the EMP pathway), 
were sensitive to hydrogen peroxide (Chavarría et al., 2013).   Growth was restored by 
adding methionine, which requires NADP(H) for biosynthesis, suggesting a redox 
imbalance, sensitivity to oxidative stress, and slower growth when pathways other than 
the ED pathway are used (Chavarría et al., 2013).   
PQQ release into medium varies by nutrient source and genus of bacteria.  Two 
strains of methylotrophic bacteria were found to secrete PQQ only after reaching 
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stationary phase, wherein the concentration of PQQ would change, depending on the 
carbon source and carbon and nitrogen concentration. (McIntire & Weyler, 1987).  
Pseudomonads have generally been described as producing and releasing PQQ at a 
constitutive rate when grown in isolation (van Kleef & Duine, 1989).  Methylotrophic 
bacteria have reported the highest concentrations of PQQ in cultures, inducing up to 1.5 
mM of PQQ in supernatant of bacterial culture  (Teizi Urakami, et al., 1992).  Adjusting 
amounts of trace minerals, notably limiting iron and increasing magnesium, had a 
significant effect on PQQ production (Urakami et al., 1992). Previous work by An (An 
2016) indicated that when P. putida KT2440 was grown in M9 medium, PQQ production 
varied depending on carbon source.  Glucose resulted in the highest concentration of 
PQQ from P. putida KT2440 in mid exponential phase (~0.5 μM), while glycerol and 
citrate yielded smaller concentrations when measured at mid-exponential phase (An & 
Moe, 2016).  Glucose dehydrogenase was concurrently found to be transcribed at the 
highest level, and measured to have a highest specific enzyme activity when cells were 
grown with glucose in M9 media (An & Moe, 2016). 
The PQQ biosynthesis pathway has only been found in bacteria, and consists of 
five to six essential genes (pqqA-E and pqqF}, depending on the genus of bacteria (Shen 
et al., 2012).  Shen’s 2012 study suggests that pqqB-E have evolved together, while pqqF 
has been lost several times in evolution.  PqqA is a short ribosomally-produced 
polypeptide that provides the tyrosine and glutamate backbone which is eventually 
converted to one molecule of PQQ.  PqqE is an iron-containing radical SAM enzyme, 
which attaches to PqqA with the help of a chaperone protein, PqqD (Barr et al., 2016) 
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and forms the first bond between the tyrosine and glutamate residues.  The newly 
linked amino acid residues are next thought to be cleaved from the rest of the PqqA 
chain by a peptidase enzyme, potentially PqqF (Puehringer et al., 2008).  PqqF is a 
putative M16 metalloprotease, which contains four zinc binding motifs (Wei et al., 
2016). PqqB is thought be involved in transport of PQQ from the cytoplasm to the 
periplasm (Wan, et al., 2016), and contains a promiscuous metal-binding motif (Tu et al., 
2017).  The pqqB gene was upregulated in Gluconobater oxydans NL71 while fermenting 
xylose and the fermentation inhibitor furfural was added (Miao et. al, 2017). 
Other predicted PQQ biosynthesis genes have been found in bacteria, though 
their nomenclature is not as well established as pqqA-F.  Choi reported several more 
potential PQQ biosynthesis genes conserved in Pseudomonas species.  (Choi et al., 2008)   
Insertional mutagenesis in pqqH, a putative transcriptional regulator conserved in 
Pseudomonas species, was found to abolish PQQ production in Pseudomonas 
flourescens B16  (Choi et al., 2008).  Choi’s 2008 article also found that insertional 
mutagenesis of a gene annotated as pqqM abolished PQQ production.  pqqG (Referrred 
to as pqqM by some research groups, but will be referred to as pqqG here) encodes a 
predicted S9 protease found immediately downstream of pqqE in several Pseudomonas 
species. {Choi et al., 2008). Because pqqG was previously found to be transcribed in the 
same operon as pqqA-E in P. putida KT2440 (An & Moe, 2016), it may function as a 
protease in PQQ biosynthesis. 
While the crystal structure of PqqF has been elucidated in Serratia marcescens 
(Wei et al., 2016), mechanistic studies confirming their proposed zinc-dependent 
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protease active sites have not been undertaken, to our knowledge.  Additional studies 
have knocked out pqqF in different species of bacteria, however, and observed various 
phenotypes.  The same group which provided the S. marcesens pqqF crystal structure 
also inactivated pqqF and tested for pH change and release of prodigiosin, a secondary 
metabolite with possible antibiotic activity.  The pqqF deletion mutant lost the ability to 
acidify glycerol-peptone broth, which was restored with a complementation plasmid 
containing pqqF. S. marcesens pqqF deletion mutants produced more prodigiosin than 
wild type, suggesting a link with PQQ to antimicrobial functions.  Prodigiosin production 
was previously linked to a decrease in glucose metabolism, which implies mutants 
producing more prodigiosin were not metabolizing glucose.  The Wei group did not use 
an assay or chromatography to quantify PQQ molecules, so it remains unclear if PQQ 
production or release was affected.  When the entire PQQ biosynthesis operon (pqqA-F) 
of Klebsiella pneumoniae was introduced via plasmid to Escherichia coli, which does not 
contain any PQQ biosynthesis genes, E. coli was found to release PQQ.  The same 
operon, without pqqF, released 100-fold less PQQ, although small amounts were still 
detected (Velterop et al., 1995).  
The pqqG gene encodes a putative peptidase, located downstream of pqqE in 
several Pseudomonas species (see chapter 2).  It is cotranscribed with pqqE in 
Pseudomonas aeruginosa, (Gliese, et al., 2009) and P. putida KT2440 (An, 2016).  
Gliese’s 2009 study is similar to the present study (see chapter 3) in that they also 
knocked out pqqF and pqqG in a Pseudomonas species, although only a single knockout 
of each gene was performed.  A key difference between P. aeruginosa and P. putida 
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KT2440’s PQQ biosynthesis genes is their genomic location in each Pseudomonas strain.  
The sequence for pqqF in P. aeruginosa PAO1 is located approximately 20 kilobase pairs 
distal to pqqG.  The two sequences are separated by a series of kinases and other 
regulatory proteins involved in ethanol metabolism (Mern, et al., 2010).  In P. putida 
KT2440, however, pqqF and pqqG are only separated only by pqqA-E.  This suggests that 
transcription of pqqF may be dictated by different factors in each species.  Gliese and 
coworkers (2009) found that pqqF knocked out in P. aeruginosa completely abolished 
the ability of P. aeruginosa to grow with ethanol as the sole carbon source.  This failure 
of growth implied a nonfunctional ethanol dehydrogenase, which is PQQ-dependent.  
They also observed that when pqqG was knocked out, PQQ was secreted below the 
detection limit of 10ng/mL, or 0.03uM, but was found at the same concentration inside 
cells as wild-type. pqqG deletion mutants were able to grow with ethanol as the sole 
carbon source. 
The link between the genetic capacity for PQQ biosynthesis and niche of PGPR is 
not clearly understood.  Would bacteria with the ability to secrete high amounts of PQQ 
also release large amounts of gluconic acid and solubilize high amounts of phosphate?  I 
hypothesized that the arrangement or presence of PQQ biosynthesis genes would 
correlate with the amount of PQQ released in axenic cultures of PGPR obtained from a 
local farm.  Chapter 2 summarizes sequencing data obtained from axenic cultures of 
phosphate-solubilizing bacteria isolated from Spindletop Farm in Kentucky, and makes a 
comparison with biochemical assays (phosphate solubilization and PQQ released/ cell 
density) previously made by Ran An  (An 2016).   
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PqqF could potentially be substituted by another protease found in a bacterial 
genome, as proteases are abundant in bacteria (Klinman & Bonnot, 2013) (Velterop et 
al., 1995).  Chapter 3 represents the first study to mutagenize both pqqF and pqqG to 
determine if they substitute for each other as proteases in PQQ production.  Since they 
are located close to each other and are highly conserved, I hypothesize that they have a 
similar function, and that the presence of one of the two is essential for PQQ production 
and release in P. putida KT2440.   
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Chapter 2 – Genomics of PQQ Biosynthesis Among Rhizosphere 
Isolates 
 
Introduction/Background 
The pyrroloquinoline quinone (PQQ) biosynthesis pathway has been found in a 
range of bacteria, from methylotrophs, to acetic-acid tolerant bacteria, to human 
pathogens.  While the general reaction scheme of PQQ-dependent glucose 
dehydrogenase (PQQ-GDH) is established (glucose is oxidized to gluconate), the 
relationship between PQQ released by bacteria and phosphate solubilization is less 
known.  Since PQQ acts as a cofactor to PQQ-GDH, which is highly transcribed and active 
in P. putida KT2440 when grown in media with glucose as the sole carbon source (An & 
Moe 2016).  It is hypothesized that bacteria with the ability to release higher amounts of 
PQQ also have the ability to release large amounts of gluconic acid, and solubilize high 
amounts of phosphate. 
In 2016, Ran An published her dissertation which examined the ability of 
environmental bacteria to solubilize phosphate and release PQQ.  She isolated several 
bacteria from the broccoli rhizosphere, and subjected them to phosphate-solubilization 
and PQQ-releasing assays (An, 2016).  Within these isolates, four groups were identified, 
based on whether they solubilized a relatively high or low amount of phosphate, and 
released a high or low amount of PQQ into supernatant. This study expands upon those 
biochemical results by sequencing the underlying PQQ biosynthesis operon of each 
strain characterized.   
  
18 
 
While a genomic research project has reported conserved PQQ biosynthesis 
operons in multiple bacteria (Klinman & Bonnot, 2013), the bacteria surveyed were not 
assayed for their ability to biosynthesize PQQ.  And though other studies have 
established the essential nature of selected genes (see Chapter 1), no studies to my 
knowledge have compared syteny of native PQQ operons in several strains of bacteria 
to important rhizosphere processes – phosphate solubilization and PQQ release.  It’s 
hypothesized that each group (high/low phosphate solubilizers, high/low PQQ release) 
has a unique PQQ biosynthesis operon structure.     
Broccoli (Brassica olaracea, var. Italica) is a flowering green cultivar of the 
Brassica genus.  Brassica olaracea strains include kale, savoy, collard greens, Brussels 
sprouts, and cauliflower. It is a cruciferous vegetable, and a good source of antioxidants, 
vitamins, and protein . (Ares, Nozal, & Bernal, 2013). It is one of the few commercial 
crops which are not considered to rely on arbuscular mycorrhizal fungal (AMF) symbiosis 
to scavenge phosphate (Tanwar et al., 2013), implying an important role for bacterial 
symbionts found in the rhizosphere.  Pseudomonas species have been found to cause of 
bacterial wilt when residing on broccoli flowers, or crowns (Bull, Ortiz-Lytle, et al., 2015) 
(Lamb, et al., 1996), but have also been found to be effective biocontrol agents against 
fungi (El-Mohamedy, 2012).  Broccoli plant matter left in soil has been found to be an 
effective biocontrol agent for cauliflower, and implying that it has an impact of soil 
microbial community structure (Shetty, 2000).  Compared to several other organically 
farmed crops in a silt loam (pH 6.5, classified as mesic) broccoli was found to have the 
highest acid phosphatase activity in the rhizosphere (Gardner et al., 2011), which could 
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be indicative of the lack of AMF assisting in delocalized phosphate scavenging.  
Phosphate-solubilizing bacteria inoculants, along with manure amendments, have been 
shown to significantly increase broccoli yield and macronutrient uptake (Yildirim et al., 
2011).   
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Methods 
Genomic DNA Extraction and Genomic Assembly 
  
Ran An (2016) previously isolated phosphate-solubilizing bacteria from broccoli 
rhizosphere and measured PQQ levels and phosphate-solubilizing potential.  The soil 
was from a Maury silt loam series (2%-6% slope), and classified as fine, mixed mesic 
Typic Alfisol.  Crop rotation and conservation tillage were in practice before sampling.  
The plot has a history of conventional (inorganic) phosphate and nitrogen amendments.  
Broccoli was uprooted, and the dirt remaining on the roots was rinsed onto minimal 
media plates made with National Botanical Research Institute Phosphate (NBRIP) 
(Nautiyal, 1999) salts (5g/L MgCl2·6H2O, 0.25 g/L MgSO4·7H2O, 0.2 g/L KCl, 0.1 g 
(NH4)2SO4), agar, glucose (55.5 mM, or 10 g/L) and insoluble Ca3(PO4)2 (5g/L)  as the sole 
carbon and phosphorous source, respectively. 
Each unique strain was transferred several times and grown in NBRIP liquid flasks 
with insoluble Ca3(PO4)2 and glucose added.  PQQ was measured using a bioassay 
(Matsushita, et al., 1997) after 36 hours of growth for each strain.  The 36 hour time 
point was confirmed to be exponential growth from OD600 measurements taken later.  
OD600 measurements were obtained by centrifuging and washing samples, then 
dissolving excess Ca3(PO4)2 with dilute HCl (Miller et al, 2010).  Phosphate levels were 
also measured using the molybdate method (Chen, et al., 1956).    
Genomic DNA was extracted from 74 of the bacterial rhizosphere isolates using 
Sigma Genelute kits.  Nextera XT kits were used to generate DNA libraries for 
subsequent Illumina HiSeq sequencing.  Samples were quantified using QuBit at the 
University of Kentucky Healthcare Genomics Center, and run on using the HiSeq 2500 
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2x250 Rapid Run mode at the University of Kentucky Healthcare Genomics Center.  Raw 
FASTA files were paired and assembled with CLC Workbench.  Assemblies resulting from 
apparent mixed cultures or those with sequencing errors were discarded.  Reads were 
mapped back to the assembled contigs to obtain coverage statistics, and contigs were 
updated. By aligning the 16S rDNA sequence (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
with known organisms, the sequence of PQQ biosynthesis  genes of each closest relative 
was assembled (https://img.jgi.doe.gov/), and used to search through the assembled 
sequences of the isolates. 
Results 
 
Of the 74 isolates from which libraries were prepared, 35 had no usable 
sequencing data.  Raw FASTA files were too small to be assembled.  Of the remaining 39, 
13 had no 16S rDNA sequence that could be found, and assembled with more than 
1,000 contigs, implying a poor quality template.  Another 7 assembled below 1,000 
contigs, but contained multiple, distinct 16S rDNA sequences with less than 90% 
similarity.  This suggested either the presence of multiple isolates, contaminated 
genomic DNA, or a fault in the sequencing process.  Restreaking of isolates from their 
stored glycerol stocks resulted in multiple colony morphologies for some of the isolates 
which contained multiple 16S rDNA sequences, implying that multiple bacterial 
genomes were present in their respective libraries. 
For the 19 strains that assembled with only one unique 16S rDNA sequence, the 
median coverage for all isolates which were analyzed was 189.5X, with a standard 
deviation of 216.8X.  Three pairs of isolates had identical 16S rDNA sequences, and PQQ 
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operon structures with 1 or fewer base pair differences, while another three isolates 
were also identical in those regards.  For the purposes of analyses, these nine isolates 
were treated as four unique isolates.   
Four of the isolates, identified as Agrobacterium, Bacillus, Lelliota, and 
Lysobacter genera based on 16S rRNA gene content, did not contain any PQQ 
biosynthesis genes, although PQQ production was detected using the bioassay method 
(An, 2016).  Of these four isolates, the median coverage was 207X, with a standard 
deviation of 61.3X. One sequenced isolate, included as a control, was Pseudomonas 
putida KT2440 ∆pqqF (See Chapter 3).  Thus, the total number of unique environmental 
isolates analyzed was 9.  All of the 9 unique environmental isolates solubilized high 
amounts of phosphate compared to the rest of the 74 strains sequenced (An 2016). 
Using a nucleotide sequence BLAST, we identified the closest 16S rDNA sequence 
of these bacteria. All matches were over 95%, and each strain is referred to by their 
respective closest matches. The same Pseudomonas moraviensis 16S rDNA sequence 
was the top result for 3 strains, all of which contained distinct PQQ biosynthesis 
operons, so these are arbitrarily referred to as “P. moraviensis A”, “P. moraviensis B”, or 
“P. moraviensis C.” 
Operon Structures 
In terms of gene identity and order, 4 unique operons (I-IV) were identified among the 9 
unique isolates: 
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Figure 2. 1– pqq Operon Comparison 
 
 
A, B, C, etc. =pqqA, pqqB, pqqC, etc.   A, K, and J genes are not to scale. 
Group I = Pseudomonas moraviansis A, Pseudomonas moraviansis C and Pseudomonas putida 
KT2440 (control)   
Group II =, Pseudomonas moraviansis B, Pseudomonas putida GB-1, Pseudomonas sp. Z003-0.4C 
and Pseudomonas putida JB  
Group III = Pseudomonas fulva 12-X 
Group IV = Pantoea ananatis strain R100, Pantoea vagans strain ND02 
The presence and order of pqqA-E are conserved in every isolate.  pqqF precedes this 
conserved region in every Pseudomonas isolate (operons I, II, III), while it follows pqqE in 
the two Pantoae isolates (operon IV).  To ensure the entire operon was being captured, 
the translated amino acid sequence of each predicted ORF up and downstream of the 
PQQ operon was queried using BLAST.  In the two Pantoea isolates, a gene with 
predicted M19 dipeptidase domain was present upstream of pqqA. These two putative 
M19 peptidases may have a similar function as pqqG, found in Pseudomonas isolates, 
but the predicted mechanism/active site is different. 
The pqqG gene, a putative S9 peptidase, was conserved in all Pseudomonas 
isolates.  The presence of two genes on either side of pqqA-E with predicted peptidase 
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activity in every isolate led to the hypothesis that these peptidases are essential for PQQ 
production.  Chapter 3’s double mutagenesis of pqqF and pqqG in Pseudomonas putida 
KT2440 tested this hypothesis. 
The presence of pqqH, pqqJ, pqqI, and pqqH was variable among Pseudomonas 
isolates (operons I-III), and not present in any Pantoea isolates (operon IV).  The pqqH 
gene is a predicted transcriptional regulator from the LysR family.  The pqqI gene is a 
predicted Aminotransferase class-III protein.  Using a protein BLAST, the predicted 
functions of PqqJ and PqqK were not clear at the time of writing. The pqqJ gene is a 
putative cytoplasmic protein with a predicted proteolipid membrane potential 
modulator motif.  The pqqK gene is a putative DNA-binding protein or transcriptional 
regulator.  For further description of the other conserved protein products (pqqA-G), 
see Chapter 1.    
Table 3.1 shows the phosphate solubilizing activity and PQQ release into media 
by strain: 
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Table 2.1 – Phosphate Solubilization and PQQ Release According to Operon Structure 
Operon 
Group 
Strain Genome 
Coverage 
(X) 
mg Phosphate 
Solubilized/OD600 
(Abs) 
μM PQQ 
released/
OD600 
(Abs) 
I Pseudomonas moraviensis A 
Pseudomonas moraviensis C 
 
 
645, 187 
N/A 
1902, 1865 
1065 
 
1.37, 1.28 
0.64 
 
II Pseudomonas moraviensis B 
Pseudomonas putida GB-1 
Pseudomonas putida JB 
Pseudomonas sp. Z003-0.4C 
152, 179, 651 
140 
195 
559, 78.1  
2080, 1551, 1127 
1858 
946 
1434, 1840 
 
1.31, 1.32, 
0.50 
2.30 
0.56 
1.21, 1.27 
III Pseudomonas fulva 12-X 13.6 1586 1.53 
IV Pantoea ananatis strain R100 
Pantoea vagans strain ND02 
 
222, N/A 
655 
1136, 1262 
2356 
0.21, 0.64 
1.89 
No PQQ 
biosynt
hesis 
genes 
detecte
d 
Agrobacterium tumefaciens 
rrnD 
Bacillus megaterium strain 
JX285 
Lelliottia sp. GL2 
Lysobacter sp. PB-6250 
 
192 
54.3 
269 
123 
1098 
1234 
1115 
1623 
0.22 
1.89 
2.17 
Phosphate solubilizing and PQQ released data obtained from (An, 2016) 
Refer to figure 1 for Operon Group.  For strains with more than 1 unique isolate, values for each 
isolate are separated by commas.  N/A= Statistics were not obtained due to lack of CLC 
Workbench access post-experiment. 
 
Groups II and IV varied the most, but they also had the most members, so it is 
difficult to draw conclusions based on this sampling.  Within each species with 
replicates, some species varied more than others.  This could be due to time of sampling 
in the growth curve. For Pseudomonas putida KT2440, PQQ appears to be most rapidly 
released in the late exponential phase, and continues to accumulate at a steadier pace 
in stationary phase (see Chapter 3). The most active phosphate solubilizer was Pantoea 
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ananatis strain ND02, while the highest PQQ producer was Pseudomonas putida GB-1.  
Pseudomonas putida JB was the lowest phosphate solubilizer and PQQ producer.   
No significant difference (p<0.1) was found between operon groups in terms of 
phosphate solubilization nor PQQ released, using a single factor ANOVA test.  While 
differences may exist in a larger sampling population, this study was limited by size.  To 
determine if the PQQ biosynthesis operon evolved more closely with each strain, or as 
an operon, the amino acids of all genes sequenced were investigated next. 
Amino Acid Alignments 
 
The following figures are based on translated nucleotides using bacterial genetic 
code (code #11), subsequent amino acid alignment, and tree construction via CLC 
Workbench: 
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Figure 2. 2 – Amino Acid Comparisons 
pqqA 
 
pqqB 
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Figure2.2 (Continued) 
pqqC 
 
pqqD 
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Figure 2.2 (Continued) 
pqqE 
 
pqqF 
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Figure 2.2 (Continued) 
pqqG 
 
Amino acid sequences were obtained from assembled genomes of PQQ-producing bacteria, and 
translated using bacterial genetic code (11) on CLC Workbench.  Amino acids were aligned and trees 
were assembled using the Neighbor-Joining method with the Jukes-Cantor measure, and 10.0 open 
cost, 1.0 gap estimation cost, and end gap cost “As any other” on CLC Workbench.  
   
PqqA was identical in the three P. moraviensis strains, though this trend did not 
follow for other PQQ biosynthesis genes.  Generally, each amino acid alignment was 
conserved by species, suggesting a slow coevolution with the 16S rRNA gene.  PqqF 
alignments varied the most among any protein tree, followed by either PqqD or PqqG.  
Because the sample size was limited, no obvious correlation could be determined 
between PQQ production, phosphate solubilization, and operon structure. 
Discussion 
Between 1-2 years after the phosphate solubilization assays, we discovered that 
some of the isolates were probably contaminated – two colony types appeared when 
restreaked from cold storage.  Even isolates that appeared to have the same colony 
morphology could still be different species or genera.  This is a common problem 
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encountered when cultivating environmental isolates.  To prevent this issue, more 
dilutions and transfers should be made before extracting genomic DNA. 
Most isolates which sequenced well were Gram-negative, and most of those 
were in the Pseudomonas genus.  The isolates that did not yield any known PQQ 
biosynthesis genes contained some Gram-positive bacteria.  The NBRIP media used to 
isolate these bacteria was not supplemented with amino acids, nor trace minerals.  This 
may have biased the isolates towards isolates which were prototrophs.  The media may 
have also lacked signaling molecules found in the rhizosphere, required for growth of 
other strains of bacteria, further skewing the sampling population. 
The high variability of pqqF relative to other PQQ biosynthesis gene sequences 
studied suggests either evolutionary drift, or strain-specific evolution.  Either way, the 
variability found in PqqF amino acid composition may be significant in DNA-protein or 
protein-protein interactions, of which no studies have been conducted for any species 
to our knowledge.  
The four isolates in which good genome coverage was obtained showed no hits 
to any previously described PQQ biosynthesis genes.  This may due to existence of a 
coculture in which the other organisms was consumed before sequencing, or whose 
genomic DNA was not accessible to the constraints of the kit used for DNA extraction.  
It’s also possible that PQQ production was present on a plasmid which was lost as the 
assay continued.  With coverage above 100X, it’s not likely the entire operon, at least 
several thousand base pairs in length, was not sequenced.  It could also be feasible that 
a previously undescribed PQQ biosynthetic route exists.  A gene similar to tldD was 
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found in every strain without canonical PQQ biosynthesis genes except the 
Agrobacterium, as well as all three P. moraviensis B.  tldD has been hypothesized to 
function similarly to pqqF in Escherichia coli and Gluconobacter oxydans (Yang, et al., 
2010) (Hölscher & Görisch, 2006). 
Conclusion 
Possibly due to our limited sample size, no correlation was found between PQQ 
operon structure and phosphate-solubilizing or PQQ-producing capabilities of the 
isolates we found.  However, every isolate contained two flanking proteases before and 
after the conserved pqqA-E portion of the PQQ biosynthesis operon, suggesting an 
important role for these poorly characterized proteases. 
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Chapter 3 - The role of pqqF and pqqG in P. putida KT2440 
 
Introduction/Background 
 
Pseudomonas putida KT2440 is a versatile model organism, representing environmental, 
agronomical, and industrial interests (Nelson et al., 2002). This particular strain has the 
ability to break down aromatic compounds in situ, has been shown to competitively 
colonize crop roots, and can deal with stress caused by organic solvents. (Nelson et al., 
2002) Pyyroloquinoline quinone (PQQ) is a heat-stable cofactor used exclusively in 
prokaryotic enzymes, called quinoproteins.  Some bacteria secrete PQQ into their 
surroundings, while others produce quinoproteins, but must import PQQ from different 
sources (e.g. Escherichia coli). Glucose dehydrogenase is a key quinoprotein, located in 
the periplasm, which is involved in gluconate secretion, glucose metabolism, and 
calcium phosphate solubilization.  Essential genes have been putatively identified in 
PQQ biosynthesis, named pqqA-E.  In Pseudomonas species, two proteases, pqqF and 
pqqG, flank the canonical pqqA-pqqE biosynthesis operon (Chapter 2).   
PqqF is thought to cleave the polypeptide precursor PqqA at four specific sites, 
with the resulting product going on to form PQQ.  However, mechanistic studies of this 
M16 metalloprotease have not confirmed its ability to cleave all four bonds.  PqqG, a 
putative S9 protease, is cotranscribed with canonical PQQ biosynthesis genes pqqA-
pqqE in P. putida KT2440 (An & Moe, 2016), and also has no mechanistic studies to 
confirm its specific role in PQQ biosynthesis by cleaving any of the four aforementioned 
bonds.   
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PqqF has been shown to be essential for Pseudomonas aeruginosa ATCC 17933 
to metabolize ethanol as the sole carbon source in minimal media (Gliese et al., 2009).  
PQQ-dependent ethanol dehydrogenase, found in the P. aeruginosa ATCC 17933 
genome, was hypothesized to be unable to function in ΔpqqF strains.  In the same study 
ΔpqqG strains were able to metabolize ethanol, but did not release PQQ extracellularly 
(Gliese et al., 2009).  This suggests separate roles in PQQ biosynthesis.  In P. aeroginosa 
ATCC 17933, a ~20 kbp region used for ethanol metabolic regulation, separates pqqF 
from pqqA-G.  In P. putida KT2440, only a promoter and terminator separate pqqF from 
pqqA-G.  By deleting each and both of these genes in P. putida KT2440, this study is the 
first to determine if they can act as redundant versions of each other. 
This study focused on a single plant-growth promoting property of P. putida 
KT2440, the ability to solubilize phosphate by producing and releasing gluconate via a 
PQQ-dependent glucose dehydrogenase.  Understanding the pathways by which this 
model organism produces gluconate and the cofactor associated with it (PQQ) could 
benefit several industries.  Gluconate is used as a food additive to lend a tart quality to 
foods, and mask bitterness. Gluconate bound with metals such as calcium and iron are 
used in the pharmaceutical industry (Ramachandran et al., 2006), and calcium gluconate 
is used to treat hydroflouric acid poisoning. (Roblin et al., 2006). Calcium gluconate has 
also been found to inhibit fungal rot of strawberries when applied as a dip (Hernández-
Muñoz et al., 2006).  General knowledge of rhizosphere interactions an also help 
scientists better understand the genetic basis of carbon metabolism in rhizosphere 
communities. 
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One of the most frequently used methods to detect PQQ is the bioassay method 
(Matsushita, et al., 1997). The bioassay utilizes PQQ’s ability to act as a cofactor in 
certain enzymatic reactions, by incubating purified apo-enzyme from E. coli  (An 2016).  
Supernatant or purified PQQ as a control are added to a standardized amount of 
purified apo-enzyme.  Colorimetric electron acceptors in the reaction mixture indicate 
the amount of holoenzyme present, which directly correlates to the amount of free PQQ 
in media.  Cytoplasmic and membrane-bound glucose dehydrogenase proteins are most 
commonly used (Richardson & Anthony, 1992; Velterop et al., 1995), but ethanol and 
methanol dehydrogenases can also be used.  This method is favored by some due to the 
relevance of its endpoint: bacterial proteins that use PQQ as a cofactor.  A limitation of 
this method is the inability of PQQ amino acid adducts to be used as a cofactor, and thus 
detected (T Urakami et al., 1994).   PQQ readily forms adducts in sterile buffers around 
room temperature, as well as sterile-filtered culture supernatant (Noji et al., 2007).    
Alternatively, PQQ can be detected using advanced analytical techniques. HPLC 
analysis of PQQ is preferable to GC/MS in instances where aqueous solutions are being 
analyzed, because no organic extraction or derivatization is necessary. Using a reverse-
phase HPLC column paired with mass spectroscopy, PQQ can be detected below 1 μM 
(Mitchell et al., 1999) (Noji et al., 2007).  In other HPLC setups, PQQ hydrate, formed 
when water attacks the C5 carbon of PQQ, was present in the same peak of PQQ when 
pure PQQ was ran as a standard (Noji et al., 2007).  Using computational chemistry, 
researchers found that the two quinone oxygens are bent out of the plane of the ring, 
which likely causes C5 to be open to nucleophilic attack. (Mitchell et al., 1999) Besides 
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PQQ hydrate and PQQH2, Mitchell and co-authors measured similar retention times via 
HPLC for PQQ adducts with L-arginine and L-asparagine.  PQQ adducts with other amino 
acids eluted between 0.3 minutes before, to 3.6 minutes later, using a reverse phase 
HPLC column. (Mitchell et al., 1999)  In summary, while the HPLC method is widely used, 
the presence of some PQQ-amino acid adducts may not be detected, so mass 
spectrometry is a valuable test to run in tandem. 
Environmental conditions affect how bacteria produce and regulate PQQ.  
Serratia sp. 119 modulated the amount of pqqE transcripts when grown in phosphate-
depleted conditions, and when grown in the presence of peanut root exudate (Ludueña 
et al., 2017).  P. putida KT2440 produced almost 10-fold lower PQQ when grown in LB 
medium than in minimal media (An, 2016).  The lower concentration likely resulted from 
a lower transcriptional activity of pqq genes due to the nutrient-rich environment.  Choi 
and coworkers  (Choi et al., 2008) found that pqqH, a putative transcriptional regulator 
of PQQ genes in a Pseudomonas species, was transcribed approximately 8 times higher 
levels when grown in minimal media than when grown in LB.  
When grown in M9 minimal media with glucose as the sole carbon source, P, 
putida KT2440 transports glucose into the periplasm first, where it can subsequently 
transport glucose into the cytoplasm and phosphorylate it before oxidizing it to 6-
phospho gluconate (6-PG), or convert it to fructose 6-phosphate (Del Castillo et al., 
2007).  In P. putida KT2440, PQQ-GDH is a central enzyme in glucose metabolism, so 
PQQ production is likely tied with glucose metabolism.  It was found in 2007 that 
gluconate and 2-keto-gluconic (2-KG) acid metabolism are central to growth of P. putida 
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KT2440 on glucose as a sole carbon source (Del Castillo et al., 2007).  Gluconate can also 
be released into the medium to chelate bound metals, or transported to the cytoplasm 
and phosphorylated to become 6PG, or be further oxidized to 2-KG. 2-KG can be 
released as another chelator, or be transported to the cytoplasm and metabolized.  
P. putida KT2440 appears to preferentially utilize the periplasmic oxidation of 
glucose and gluconate before metabolizing glucose. (Nikel et al., Lorenzo, 2015) 
Analyzing intracellular labeled carbon, Nikel and colleagues determined through 
metabolic flux rates that the glucose to gluconate “peripheral” pathway described is 
actually the primary route utilized for glucose metabolism in P. putida KT2440 when 
grown in M9 media (Nikel et al., 2015).  Because P. putida KT2440’s glucose metabolic 
pathways were elucidated after glucose metabolic pathways were established in higher 
organisms and bacteria, they can be described as combining different pathways, or as a 
“peripheral pathway”. 
This study provides insight the role pqqF and pqqG within P. putida KT2440 
metabolism.  Targeted deletions of each and both of these genes were grown in tandem 
on National Botanical Research Institute Phosphate (NBRIP) media (Nautiyal, 1999)   (the 
same media with insoluble phosphate used to isolate and assay isolates in Chapter 2) 
and M9 media (the same media used to analyze metabolic pathways by other labs).   
The growth of mutants and the release of PQQ using different carbon sources was also 
investigated. 
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Methods 
Construction of markerless allelic exchange mutations via Short Overlap Extension PCR 
(SOE PCR)   
The SOE protocol was adapted from Choi and Schweizer (2005).  This technique 
creates an in-frame deletion where approximately 36 nucleotides, including the start 
and end codon of the target gene remain after the deletion.  The SOE PCR results in a 
DNA fragment containing ~500bp upstream and downstream of each target gene, 
including an engineered restriction enzyme cut site on each end, and nucleotides of the 
start and end of the pqqF (PP_0381) and pqqG (PP_0375) genes. The large homologous 
regions are needed to aid in the homologous recombination, leading to the deletion 
mutation. Parts of the target genes were not deleted to achieve an in-frame deletion 
and also minimize any impact on the transcription of upstream and downstream genes.   
The combined start and stop regions of each target gene to be deleted contained 36-39 
nucleotides of target gene (Up_Homology and Down_Homology, Table 1).  
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Table 3. 1  - Primers in this Study 
pqqFUp_Cut cgtcaagcttCGGAGAACGCCCGACGCCTGG 
pqqFDown_Cut cgtcgaattcGGCTGCATCGGCGCAAAGGCC 
pqqGUp_Cut cgtcggatccCAAGCTGATTTTCGTTACC 
pqqGDown_Cut cgtcaagcttAGGCTTATCAAACAACCAG 
pqqFUp_Homology TCATCGATTTTCGCCCTGGCGGATGGCGTCAGG
CAT 
pqqFDown_Homology ATGCCTGACGCCATCCGCCAGGGCGAAAATCG
ATGA 
pqqGUp_Homology TTAGTTTTTATTGTGTTGATGGGGAGTTTCGAT
CAT 
pqqGDown_Homology ATGATCGAAACTCCCCATCAACACAATAAAAAC
TAA 
pqqFUp_Seq AGGATACCGCGCTAAAGG 
pqqFDownSeq CCTTTAGCGCGGTATCCT 
pqqGUpSeq CTCAACTTCGTCACCCATC 
pqqGDownSeq CCTTCCAGCCTTCATAGACT 
pqqFRestoreUp cgtcaagcttatgaCAGGGGCCGCTATGCGG 
pqqFRestoreDn cgtcaagcttatgaTCCCTACCTGACCGATTT 
pqqGRestoreUp cgtcaagcttTGAATGATCGAAACTCCCGTG 
pqqGRestoreDn cgtcggatccTTAGTTTTTATTGTGTTGATGGTT 
R24 AGCGGATAACAATTTCACAC 
F24 GGTTTTCCCAGTCACGAC 
pqqFRestoreSeq1 GGTCGCGCAATCCAACGGCC 
pqqFRestoreSeq2 TGCAGCACAGCCGAGCGC 
PaqqFRestoreSeq3 CCTTGATGCTCAAGCCACCTGC 
Bold indicates beginning of gene 
Underline indicates restriction enzyme cut site 
   
Down_cut and Up_Cut primers were used with Down_Homology and 
Up_Homology primers, respectively, to amplify regions upstream and downstream of 
the target gene to engineer an overlap sequence of the beginning and end of the target 
gene.    Genomic DNA of P. putida KT2440 supplied the template DNA.  Following the 
initial PCR, the SOE PCR was performed using ~20 ng of gel purified DNA (Thermo 
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Scientific GeneJET gel extraction kit) from each of the two above reactions, also using 
primers Down_Cut and Up_Cut. All reactions were completed using Accuprime Pfx 
SuperMix (ThermoFisher) with the following protocol: 5 minutes at 95°C before each 
reaction, Extension temperature at 68°C, at 1 min per 1 kb, annealing temperatures 
were 50°C for all SOE PCR for pqqF deletions, and 48°C for pqqG deletions.  To verify SOE 
PCR inserts, vector pEX18Kan, a derivative of pEX18Tc (Hoang et al., 1998) and the gel-
purified SOE PCR fragments were digested using the appropriate restriction enzymes 
(Thermo Scientific FastDigest enzymes).   
Complentation plasmids were constructed by amplifying (Acuprime Pfx 
Supermix), digesting (Thermo Scientific FastDigest enzymes) and ligating pqqF and 140 
base pairs upstream, as well as pqqG, respectively (annealing temperature = 50°C for 
pqqF and pqqG).  To verify inserts for complementation plasmids, pBBR1-MCS2 
(Addgene plasmid # 85168) and inserts of pqqF and its promoter region as well as pqqG 
were amplified using Restore_Up and Restore_Dn primers (Table 1). 
SOE and complementation PCR products were purified (Thermo Scientific PCR 
purification kit) and subsequently ligated using T4 DNA ligase (2 units Thermo Scientific 
ligase enzyme and 1:3 vector:insert molar ratio). The ligation reaction was kept 
overnight at 4°C, and at 2 hours at room temperature the next day. Prior to 
electroporation into E. coli cells (Epicentre; TransforMax EPI300 Electrocompetent E. 
coli), the ligation reactions were desalted (15 min) and heat inactivated (10 min at 65°C). 
Positive clones were selected on media containing 50ug/ml of kanamycin sulfate (Kan). 
The pEX18 and pBBR1 construct was confirmed using colony PCR (Thermo Scientific; 
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DreamTaq Green DNA PCR Master Mix) and sequencing the PCR product of the insert 
(Applied Biosystems; BigDye Terminator, v3.1, cycle sequencing kit), using F24 and R24 
primers (annealing temperature = 50°C with Accuprime).   
The purified construct (Thermo Scientific GeneJET plasmid miniprep kit) was 
electroporated into P. putida KT2440 electrocompetent cells prepared according to a 
variation of Choi and Schweizer (2005).  Briefly, two 6ml overnight LB cultures were 
distributed into two 50mL conical bottom tubes and centrifuged at 4,000 RCF for 6 
minutes at 0°C. Each pellet was washed twice with ice-cold 1.15mM HEPES (pH 7.0) and 
resuspended in a total of 100 μL 1.15mM HEPES. Between 300-1,000 ng of purified 
pEX18 Kan construct (used for deletions) or pBBR-1-MCS2 (used for complementation) 
construct were added, and the cells were electroporated (Bio-Rad GenePulser Xcell; 
Voltage - 2500V, Capacitance - 25μF , Resistance - 200Ω, 2mm cuvette), followed by an 
immediate addition of 1ml LB and 1-2hour recovery in a shaker at 28°C. The entire 
recovery mixture was spun down, 800 μL pipetted off, and resuspended in the 
remaining LB broth.  This entire mixture was plated on a single LB plus kanamycin plate 
(30 μg/ml) and incubated at 28°C.   
At this point, positive restoration clones were picked and the plasmid was 
sequenced with R24, F24, and FSeq primers to confirm the insert.  For mutant strains, 
1ml LB aliquots, were inoculated in LB with individual transformants and incubated at 
28C with shaking for 2-3 hrs. After the incubation time, 100ul of 1/10 dilution was 
plated onto LB plates containing 8% sucrose (w/v) and no NaCl. Several colonies were 
restreaked onto LB plus kanamycin (30μg/ml) and LB to confirm their inability to grow in 
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the presence of antibiotic selection, suggesting that they no longer carry the kanamycin 
resistance cassette. Several colonies were selected as potential deletion mutants. The 
markerless deletion was confirmed via colony PCR and sequencing of amplicon DNA 
(DnSeq and UpSeq primers were used for both pqqF and pqqG mutants (annealing 
temperatures= 52°C pqqF, 50°C pqqG; expected fragment size 1.2kb for pqqF deletion 
mutant, 1.8 kb for pqqG deletion mutant, 3.6 kb for wild-type revertants of pqqF, and 
3.1 kb for wild-type revertants of pqqG).  Additional sequencing primers were used for 
pqqF (Table 1, pqqFRestoreSeq1-3). 
 
Table 3. 2  - Strains and Plasmids in This Study 
Abbreviation Description 
WT Wild Type P. putida KT2440 
ΔF P. putida KT2440 with truncated pqqF 
ΔG P. putida KT2440 with truncated pqqG 
ΔFΔG P. putida KT2440 with truncated pqqF and pqqG 
ΔF RestoreF P. putida KT2440 ΔF with pBBr-1MCS2 containing pqqF and 140 base pairs 
upstream of pqqF, cloned from P. putida KT2440 
ΔG RestoreG P. putida KT2440 ΔG with pBBr-1MCS2 containing pqqG, cloned from P. putida 
KT2440 
ΔF ΔG RestoreF P. putida KT2440 ΔF ΔG with pBBr-1MCS2 containing pqqF and 140 base pairs 
upstream of pqqF,  cloned from P. putida KT2440 
ΔF ΔG RestoreG P. putida KT2440 ΔF ΔG with pBBr-1MCS2 containing pqq, cloned from P. putida 
KT2440 
Growth Conditions 
All cultures of P. putida KT2440 and mutants were grown in 50 mL total volume, 
contained in 250 mL Eppendorf flasks with aluminum foil covers at 200 RPM in the dark.  
Overnight culture of P. putida KT2440, or respective mutants and complements, were 
grown in LB or LB amended with 30 µg/mL kanamycin if a complementation plasmid 
was used.  Cultures were normalized to an OD600 value of 1, and centrifuged at 5,000 
RCF for 5 minutes.  Pellets were resuspended in 0.9% NaCl and 500μL was used to 
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inoculate 50 mL of media, in triplicate for each strain and growth condition tested. 
NBRIP media was used for growth curves, PQQ production, pH, and phosphate 
solubilization analysis was supplemented with 5g Ca3(PO4)2 (Sigma Aldrich) as the 
insoluble phosphate and calcium source, and 55.5 mM glucose. To obtain OD600 values 
in the limited soluble phosphate conditions (NBRIP), 500 µL of culture was refrigerated 
in 2mL microcentrifuge tubes, centrifuged (5 minutes at 5,000 RCF) and washed twice 
with sterile LB broth in microcentrifuge tubes.  Samples were then resuspended in 
NBRIP buffer without phosphate or glucose.  An equal volume of 3.7% HCl was added 
and vortexed to dissolve the remaining calcium phosphate.  The resulting mixture was 
used to measure OD600.  M9 media supplemented with 22 mM glucose, succinate, or 
gluconate and trace minerals (final concentration of 50 µM FeCl3, 20 µM CaCl2, 10 µM 
MnCl2, 10 µM ZnSO4, 2 µM CoCl2, 2 µMCuCl2, 2 µM NiCl2) was used for PQQ production 
studies under phosphate-replete conditions.  30 µM final concentration of kanamycin 
sulfate was used when growing genetic complementation strains.  To obtain OD600 
values in M9 media, samples were diluted when necessary with freshly made M9 media, 
matching the negative control.  To obtain PQQ, pH, and soluble phosphate 
concentrations in NBRIP media, and PQQ concentration in M9 media, 775 μL aliquots 
were centrifuged at 5,000 RCF for 5 minutes, then sterile-filtered through a 0.22 μm 
cellulose acetate syringe filter (Simsii, Inc.).  Supernatant samples were stored at -80° C 
until analysis. 
PQQ Quantification 
Reverse-phase high-pressure liquid chromatography (HPLC; Dionex Ultimate 
3000; Waters Nova-Pak C18 column [3.9 mm by 150 mm]) was employed to determine 
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the concentration of PQQ from each sterile-filtered supernatant sample.  A standard 
curve was generated by injecting commercially purchased PQQ (Sigma Aldrich) diluted 
in NBRIP without Ca3(PO4)2, or M9 buffer with the corresponding carbon source and 
minerals added.   Thymol was used as the injection standard for each sample, including 
the standard curve.  PQQ was detected at 254 nm, while thymol was detected at 275 
nm  Before loading into refrigerated amber vials, 50 μL of supernatant from each time 
point was mixed with 7.5μL 500 µM thymol (in water).  20 μL of this aqueous mixture 
was injected after 5 minutes of mobile phase A (95%, 5% acetonitrile, 0.1% 
triflouroacetic acid, TFA) eluted.  As the sample was injected, a 20 minute gradient was 
used from mobile phase A to mobile phase B (5% H2O, 95% acetonitrile, 0.1% TFA), 
followed by 5 minutes of mobile phase B.  The flow rate was 1.00 ml/min.  .  Samples 
were compared across experiments with similar cell density (between 0.5 and 0.8 
OD600) for PQQ concentrations.  Sterile-filtered supernatants from 24 hours of wild 
type and 82.5 hours of the double mutant cultured in iron and mineral-limited 
conditions, as well as 51 hours of wild type and 72.5 hours of the double mutant 
cultured in iron and mineral-replete conditions were submitted to be analyzed by LC/MS 
for verification of the presence of PQQ and PQQ hydrate at the University of Kentucky 
Mass Spectrometry Facility.   
 Soluble Phosphate and pH Measurement 
400 µL freshly prepared Chen’s reagent, containing 1:1:1:2 ratio (V/V/V/V) of 
10% (w/v) ascorbic acid, 3 M sulfuric acid, 2.5% (w/v) ammonium molybdate and 
distilled deionized water, was added to the same volume of sterile-filtered (0.22 µm 
Cellulose acetate, 13mm diameter SIMSII) culture supernatant in a 1.5 mL centrifuge 
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tube, vortexed, and incubated 37°C for 1 hour. Three subsamples of 200 μL were taken 
from the mixture and loaded into 96- well plates. The absorbance was measured at 880 
nm using a plate reader (BioTek Synergy HT Plate reader Module) after shaking for 10 s 
using the built-in shaker. The inorganic phosphate concentration in samples was 
determined by construction of a standard curve using Na2HPO4/NaH2PO4 buffer and 
expressed as mg PO4
 3-/L.  750 μL of the same sterile-filtered supernatant was 
transferred to a 13 mL(100x16mm) culture tube, and pH was determined using a 
benchtop pH meter (Fisher Scientific). 
Results 
 
Mutants Grown in NBRIP Media (No Soluble Phosphate) 
While all mutants (∆pqqF, ∆pqqG, ∆pqqF∆pqqG will be referred to as ∆F, ∆G, 
∆FG) and wild type P. putida KT2440 grew at the same rate in LB media, ∆F and ∆FG 
grew distinctly slower in NBRIP media, and never reached the same cell density within 
the time parameters (38 hours) as did wild type and ∆G (Figure 3.1).  ∆G lagged initially 
in growth compared to wild type, but reached the same OD600 after exponential phase.   
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Figure 3. 1 – Mutant Growth in NBRIP Media 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆pqqF∆pqqG.  All strains were grown in NBRIP media with 
glucose as the sole carbon source and insoluble Ca3(PO4)2 as the sole phosphate source. 
 
In terms of phosphate solubilized, again the wild-type and strains only lacking 
pqqG behaved similarly.  ∆FG solubilized the least amount of phosphate over time, and 
∆F solubilized around double the amount of phosphate than ∆FG by the end of the 
experiment (Figure 3.2). 
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Figure 3. 2 – Phosphate Solubilized by Mutants in NBRIP Media 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in NBRIP media with glucose as the sole 
carbon source and insoluble Ca3(PO4)2 as the sole phosphate source. 
 
In terms of pH, the mutants with a pqqF knockout also behaved uniquely 
compared to wild type and ∆pqqG mutants.  The pH experienced a slow, linear drop, 
while wild-type and ∆pqqG mutants both sharply decreased pH from 6.5 to 4.5 within 12 
hours, as the cells were entering exponential phase, and then returned to around 5 
during stationary phase (Figure 3.3).   
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Figure 3. 3 – pH Change in NBRIP Media  
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in triplicate, in NBRIP media with glucose as the 
sole carbon source and insoluble Ca3(PO4)2 as the sole phosphate source. 
 
While the ∆F strain and the double mutant were hampered in the rates of 
phosphate solubilization, growth, and pH drop, they both released more PQQ into the 
medium per unit of growth (OD600) during exponential growth than wild-type and ∆G 
(Figure 3.4).  The ∆F strain released approximately 3X as much PQQ into media around 
0.6 OD600, which was mid-exponential growth for wild type and ∆G.  Disregarding 
growth, all strains except the double mutant released a similar amount of PQQ into the 
media, around 0.35-0.45 μM, while the double mutant released around 0.28 μM.  
(Figure 3.5).   
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In short, it appeared that at least one other protease in the P. putida KT2440 
genome was able to substitute for PqqF and PqqG, although the lack of both proteins, 
especially PqqF, changed the growth rate, phosphate solubilization capabilities, and 
acidification capabilities when grown in minimal media with limited phosphate. 
Figure 3. 4 – PQQ Released into NBRIP Media 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in NBRIP media with glucose as the sole carbon 
source and insoluble Ca3(PO4)2 as the sole phosphate source. PQQ concentration of supernatant is 
shown in the Y-Axis 
 
While mutants released different amounts of PQQ per unit of time, most 
cultures followed a somewhat similar trend of PQQ released per unit of growth (Figure 
3.5).   
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Figure 3. 5– PQQ Released into NBRIP Media/OD600 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in NBRIP media with glucose as the sole carbon 
source and insoluble Ca3(PO4)2 as the sole phosphate source. PQQ concentration of supernatant is 
shown in the Y-Axis 
 
Mutants Grown in M9 Media (Buffered with Excess Phosphate) 
To determine if PqqF and PqqG were essential for PQQ production in a 
phosphate and trace-mineral replete growth condition, M9 media with trace minerals 
was used. Wild type and ∆G strains grew at similar rates in M9 media with glucose as 
the sole carbon source, while ∆F and ∆FG strains were severely retarded in their growth 
rates (Figure 3.5).  Interestingly, each mutant strain appeared to reach a high rate of 
growth after several days of no detectable growth.  All strains were able to produce 
PQQ, which suggested that PQQ was the limiting factor for growth, not phosphate.  
Even with increased (2x, 5x, 12.5x) concentration of magnesium in the growth medium, 
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double mutants were unable to grow within 48 hours (data not shown), suggesting an 
inability to metabolize glucose by solely utilizing the glucokinase pathway.   
Figure 3. 6 – Mutant Growth in M9/Glucose 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in M9 media with glucose as the sole carbon 
source, and with added trace minerals. 
 
To ensure that the growth deficiencies each mutant strain experienced resulted 
from an inability to process glucose into gluconate before metabolizing, we performed 
two more experiments with succinate and gluconate as the sole carbon source in M9.  
Both conditions resulted in nearly identical growth curves for all mutants and wild-type.  
(Supplementary Figures 1 and 2).  Unexpectedly, both growth conditions also released 
nearly identical amounts and of PQQ into media, at similar rates (Supplementary Figures 
3 and 4). 
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To better illustrate differences in PQQ production, another experiment was 
conducted in M9 media without trace minerals. ZnSO4 was the only supplementary 
mineral added, because zinc is thought to be essential for PqqF functionality (Wei et al., 
2016).  Previous work by our lab (An & Moe, 2016) has also found that P. putida KT2440 
releases PQQ into medium when grown without added iron or zinc, so we omitted iron.  
Previous studies noted that iron limitation positively affected PQQ release by 
methlytrophic bacteria (Urakami et al., 1992).  Furthermore, P. putida KT2440 is known 
to secrete larger amounts of gluconate into media when iron-starved (Sasnow et al., 
2016), suggesting an important role of PQQ or quinoproteins in iron-limited conditions.  
Due to the presence of gluconate in media in that study and the detection of PQQ in 
An’s 2016 study, it is assumed that trace amounts of iron found in the starter culture is 
enough to ensure PqqE, an iron-dependent radical SAM enzyme, is functional.   
When compared to the same media with iron and other trace minerals (Figures 
3.3 and 3.4) all strains grew at a slower pace, and released higher levels of PQQ into 
media (Figure 3.7 and 3.8).  All single and double mutants experienced growth in a more 
linear fashion. The  ∆FG and wild-type supernatants with glucose as the sole carbon 
source, with and without trace minerals added, were tested via mass spectroscopy to 
confirm the presence of PQQ (Supplemental Figure 5). 
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Figure 3. 7  – M9/Glucose without Trace Minerals Growth Curves 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in M9 media with glucose as the sole carbon 
source, and zinc added as the sole trace mineral. 
 
Figure 3. 8 - PQQ released without Trace Minerals/OD600 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in M9 media with glucose as the sole carbon 
source, and with added trace minerals. PQQ concentration of supernatant is shown in the Y-Axis 
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All strains produced similar amounts of PQQ per unit of growth in M9 media replete 
with trace minerals (Figures 3.8 and 3.9). At the end of exponential growth, all strains 
reached between 0.7-0.9 μM PQQ. 
 
Figure 3. 9 - PQQ Released in M9 with Trace Minerals/OD600 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
FG= P. putida KT2440∆FG.  All strains were grown in M9 media with glucose as the sole carbon 
source, and with only zinc added. PQQ concentration of supernatant is shown in the Y-Axis 
 
In trace mineral-limited media, all strains grew slower and produced more PQQ 
per unit of growth.  Slower growing strains appeared to produce more PQQ per unit of 
growth than wild type.  This discrepancy, which was also seen at some points in growth 
in trace mineral-limited growth in NBRIP media, may be due to higher amount of cell 
lysis. 
To confirm that the phenotypes of delayed growth were caused by only the 
targeted mutation, complementation growth and PQQ release were analyzed in the 
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mutation strains as well as the same strains with activity restored via a 
complementation vector (Figure 3.10 and 3.11-3.13, respectively). 
 
 
Figure 3. 10 – Genetic Complementation Growth Curves 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG, F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  pBBr1-MCS2 was used as the empty vector and restoration vectors (F 
and GRestore).  All strains were grown in M9 media with glucose as the sole carbon source, with 
trace minerals added. 
 
Based on these results, pqqF appears to be a more important gene required for 
growth with glucose as the sole carbon source than pqqG.  The addition of pqqF 
decreased the lag phase by approximately 25 hours in ∆pqqF, and by approximately 47 
hours in ∆pqqF∆pqqG.  In contrast, the addition of pqqG back to ∆pqqF∆pqqG did not 
affect growth rate.   
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Restoration of growth was mirrored in the amounts of PQQ released.  Addition 
of pqqG  had little effect on the rate of PQQ release into media (Figure 3.11), while 
addition of pqqF back into single and double mutant strains increased the rate of PQQ 
released into media (Figures 3.12, 3.13). 
Figure 3. 11 – PQQ release/pqqG Complementation 
 
WT=P. putida KT2440, G= P. putida KT2440 ∆pqqG.  pBBr1-MCS2 was used as the empty vector 
and restoration vector with insert (GRestore).  All strains were grown in M9 media with glucose 
as the sole carbon source, with trace minerals added.  PQQ concentration of supernatant is 
shown in the Y-Axis 
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Figure 3. 12 – PQQ release/pqqF Complementation 
 
WT=P. putida KT2440, F= P. putida KT2440 ∆pqqF.  pBBr1-MCS2 was used as the empty vector 
and restoration vectors (FRestore).  All strains were grown in M9 media with glucose as the 
sole carbon source, with trace minerals added. PQQ concentration of supernatant is shown in 
the Y-Axis 
 
Figure 3. 13 – PQQ release/pqqF/pqqG Complementation 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  pBBr1-MCS2 was used as the empty vector and restoration vectors 
(F and GRestore).  All strains were grown in M9 media with glucose as the sole carbon source, 
with trace minerals added. PQQ concentration of supernatant is shown in the Y-Axis 
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Discussion 
Because a metabolic pathway to digest glucose in P. putida KT2440 which does 
not require glucose dehydrogenase has been reported to be active in M9 media**, it 
was hypothesized that mutants appeared to lack the ability to bypass PQQ-GDH and rely 
on glucokinase to metabolize glucose, as PQQ was released when each mutant 
eventually grew in all media conditions.  Because glucokinase is magnesium dependent, 
and M9 media contains 12 times less magnesium than NBRIP media, 2X, 4X, and 12X 
concentrations of magnesium were added to the double mutant in M9 media with 
glucose and trace minerals.  This did not affect the growth within 48 hours.   
The delayed growth of ∆F and ∆FG aligns with and expands the findings of Nikel 
(Nikel et al., 2015) who found that P. putida KT2440 preferentially utilizes periplasmic 
oxidation in glucose metabolism when grown in M9 media with glucose as the sole 
carbon source. Here we see an increased lag time in mutants, even with trace minerals 
and excess macronutrients. This suggests PQQ production/release was stifled until 
exponential growth began. Since Nikel reported P. putida KT2440 to use glucokinase at 
only 20% activity relative to GDH when grown in M9 media and glucose, we expected 
mutants to be able to grow at a 20% rate, instead of lagging and then exponentially 
growing. 
PqqF is probably part of the signal transduction that takes place when 
phosphate-limiting or replete conditions are in place.  Previous work in our lab supports 
this idea at the transcription level (An & Moe, 2016), as pqqF is upregulated in 
phosphate-depleted media in P. putida KT2440.   
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Interestingly, all mutants lacking pqqF experienced less lag time in phosphate-
limited NBRIP media, than in M9 media with free phosphate and trace elements added.  
The phosphate limitation could initiate a set of responses in which P. putida KT2440 
produces a distinct set of proteases when grown in NBRIP media devoid of free 
phosphate, which can substitute for pqqF activity, though not as quickly.  Caution should 
be used when conceptualizing NBRIP as simply devoid of phosphate compared to M9 
media, because multiple differences in ratios of macronutrients are present, and trace 
minerals or simply zinc were used in M9 growth curves.  It remains to be seen whether 
these substitute proteases are the same produced in each media condition, or are 
unique. 
Because all pqqF mutants appeared to be lacking in rate of PQQ production, we 
expected that gluconate and succinate would allow these mutants to grow at the same 
rate.  We did not expect all of the mutants to release a similar (0.4-0.6 μM) amount of 
PQQ into media when measured at the end of exponential growth (Figure 9 and 10).  
This behavior points to a mechanism where other proteases besides pqqF and pqqG are 
used to biosynthesize PQQ when either glucose is not the carbon source, or PQQ-GDH is 
not used for metabolism.  Whichever proteases substituted for pqqF and pqqG during 
these growth conditions may be biologically relevant, because they are just as efficient 
as the two canonical PQQ biosynthesis proteases found in P. putida and other bacteria.   
When the lack of pqqF causes PQQ to be produced/released at a slower rate, 
multiple mechanisms may be taking place, which were not explored in this research.  
The simplest explanation is that pqqF cleaves the bonds necessary from the 
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poplypeptide backbone (pqqA) at a more efficient rate than other proteases initially 
expressed by P. putida KT2440.  However, other proteases eventually substitute for 
pqqF at similar rates after an increased lag period, suggesting other proteases are just as 
efficient as pqqF, but are not active until cell physiology or metabolism changes.  
Alternatively, pqqF may be involved in transporting PQQ or a PQQ intermediate to the 
periplasm or to PQQ-GDH.  pqqF may also interact with other PQQ biosynthesis proteins 
or transcription factors to upregulate PQQ production.  Transcriptional regulation in 
mutants without pqqF may be thrown off by the lack of DNA to bind to, since only 39 
nucleotides are present.  If a transcription factor interacted with part of the pqqF gene 
that is absent in the pqqF knockout, it could have hindered transcription of the rest of 
the PQQ biosynthesis operon, starting at pqqA, since the spacing between genes is 
truncated compared to wild-type.   
The elimination of pqqG only appeared to affect growth significantly when 
knocked out in tandem with pqqF, although growth rates of ∆G lagged by a few hours in 
most media, suggesting a minor but detectable role in PQQ biosynthesis within the 
parameters tested. 
Because different PQQ production rates were observed with different carbon 
sources and media composition, PQQ production likely varies with source of organic 
matter, soil mineralogy, and the competition of other bacteria in different 
environmental conditions.  Follow up studies isolating transcription of proteases in 
these different conditions could help to identify different pathways in which PQQ is 
being produced.  Because PQQ was measured in the highest concentration in nutrient-
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deplete conditions, the rhizosphere of plants grown with PQQ producing inoculum in 
low-nutrient conditions would make an intriguing candidate for a follow-up study. 
The plasmid used for restoration of pqqF and pqqG constitutively expressed the 
restored genes, which enabled restored mutants expressed PQQ at a faster rate than 
mutants without a plasmid.  It remains to be seen how an overexpression of pqqF and 
pqqG could influence PQQ release in P. putida KT2440.   
Conclusion 
Regardless of the choice of growth conditions, mutants lacking pqqF grew slower 
and presumably utilized PQQ-GDH at a less efficient rate when grown with glucose as 
the sole carbon source.    
This set of experiments suggests that the P. putida KT2440 genome is tuned to 
use pqqF as a tool to produce PQQ with glucose as the sole carbon source.  When 
succinate or gluconate is used as the sole carbon source, and PQQ-GDH is bypassed in 
carbon metabolism, a protease distinct from pqqF or pqqG appears to efficiently 
substitute for pqqF, or work in tandem.  Mechanistic studies which determine the bonds 
broken in PQQ biosynthesis by discrete active sites in pqqF, as well as promoter or 
protein/protein interactions, are needed to develop a base for future biochemical study. 
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Supplemental Data 
Supplementary Figure 1 – OD600 in M9/Succinate 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  All strains were grown in M9 media with succinate as the sole 
carbon source, and with added trace minerals. 
 
Supplementary Figure 2 – OD600 in M9/Gluconate 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  All strains were grown in M9 media with succinate as the sole carbon 
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source, and with added trace minerals. 
 
 
Supplementary Figure 3 – PQQ Released in M9/Succinate 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  All strains were grown in M9 media with succinate as the sole 
carbon source, and with added trace minerals. 
 
Supplementary Figure 4 - PQQ Released in M9/Gluconate 
 
WT=P. putida KT2440, ∆G= P. putida KT2440 ∆pqqG, ∆F= P. putida KT2440 ∆pqqF,  
∆FG= P. putida KT2440∆FG.  All strains were grown in M9 media with gluconate as the sole 
carbon source, and with added trace minerals. 
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Supplementary Figure 5 – Mass Spectrometry Confirmation of Wild Type and Double 
Mutant in M9/Glucose Media and Trace Minerals 
Wild Type at 53.5 hours 
 
Confirmation of PQQ in wild-type supernatant:  From top to bottom, graphs represent total ions, 
PQQ, PQQ-hydrate when samples were analyzed via  LC/MS 
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Supplementary Figure 5 Continued: 
Double Mutant (ΔFG) at 73.5 hours, M9/Glucose 
 
 
Confirmation of PQQ in double mutant supernatant:  From top to bottom, graphs represent 
total ions, PQQ, PQQ-hydrate when samples were analyzed via  LC/MS 
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